A LIMITED-MEMORY MULTIPLE SHOOTING METHOD FOR
WEAKLY CONSTRAINED VARIATIONAL DATA ASSIMILATIONS

WANTING XUT AND MIHAI ANITESCU#*

Abstract. We present a limited-memory method for maximum-likelihood-based state estimation
of hidden Markov models. We reduce the memory storage requirements by expressing the optimal
states as a function of checkpoints bounding a shooting interval. All states can then be recomputed
as needed from a recursion stemming from the optimality conditions. The matching of states at
checkpoints are imposed, in a multiple shooting fashion, as constraints on the optimization problem,
which is solved with an augmented Lagrangian method. We prove that for nonlinear systems un-
der certain assumptions the condition number of the Hessian matrix of the augmented Lagrangian
function is bounded above with respect to the number of shooting intervals. Hence the method is
stable for increasing time horizon. The assumptions include satisfying the observability conditions of
the linearized system on a shooting interval. We also propose a recursion-based gradient evaluation
algorithm for computing the gradient, which in turn allows the algorithm to proceed by storing at
any time only the checkpoints and the states on a shooting interval. We demonstrate our findings
with simulations in different regimes for Burgers’ equation.
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1. Introduction. Data assimilation is the process of estimating the underlying
states of a physical system based on reconciliation of observations and physical laws
governing its evolution [4, 6, 13]. The setup is most commonly described by a hidden
Markov model with stochastic normal model error and measurement noise [13],

(1.1) zo = 2B+, i1 = Mi(x;)+n;, y; = Hj(z;) +¢5,
ng ~N(0;,Qp), 1; ~N(0;,Q;) ¢j ~N(0r, R;).

where z; € R7,y; € RE. The mapping M;(-) : R — R’ models the physical law
governing the evolution of the system dynamics, typically discretizations of partial
differential equations. We assume M;(-) is at least twice continuously differentiable.
The random variable 7; models the stochastic model error and has a normal distri-
bution with mean 0; and covariance Q; € R7*7. The random variable ng models
the initial state as a normal distribution with mean xzp and covariance Qg € R7*7.
The function H;(-) : R — RL maps the states into observed quantities, whereas ¢;
models measurement error that has mean 0y and covariance R; € REXL We also
assume all covariance matrices to be positive definite.

With these definitions, we are interested in the state estimation problem [23]:
We are given the background mean state x; evolution function M;(-); measurement
operator H;(-); measured quantities y;; and covariance matrices for background error,

@B, model error, Q; for j = 0,1,...,N — 1, and measurement error, R; for j =
0,1,...,N at N 4+ 1 equally spaced time points. We want to determine the state
trajectory xg,%1,...,2n that best explains the data y; under these assumptions.

The problem is also named data assimilation or 4DVar [4, 6, 13, 17] in atmospheric
sciences applications, when Mj(+) is obtained from the discretization of 3D dynamics.
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In particular, we will focus on the circumstance where we are memory-limited, and
thus we may be unwilling to simultaneously store the entire trajectory vector because
of the O(JN) memory requirements.

In the limiting case of @; = 0;xs, and thus n; = 0y, the system is called
“strongly constrained” in the sense that every state is determined by the previous
one and all states are functions of only the initial state x¢. However, many sources
(e.g., discretization and parametrization) can contribute to model errors that have
non-negligible effects [5, 24, 25]. The explicit inclusion of the model error term in the
physical evolution [8, 19, 20] leads precisely to (1.1)—(1.2). This paradigm is called
a hidden Markov model [21, 22], and it is one of the most studied state estimation
paradigms [13]. It has generated a large number of methods to solve it, including
Kalman filters, extended Kalman filters, and particle methods [7, 13]. However, such
methods may not be suitable to the kind of problems described here because of reliance
on linearity of M;(-) (Kalman filters) [12]; memory that increases superlinearly with
the dimension of x (extended Kalman filters) [10]; and slow convergence, particularly
when interested primarily in best estimates (particle methods) [3].

In this work we focus on wvariational methods: methods that aim to express the
minus loglikelihood of the hidden Markov model (1.1)—(1.2) and then minimize it with
deterministic methods, such as limited-memory BFGS [18]. The objective function of
that minimization is the following weakly constrained function [15, 16, 25, 26, 27]:

N—1
(1.3) T(%:N):% > (i) + 65 (g, w41) +n (@) |
=0

vilw;) = (g — Hi(w;))" Ry (y; — Hy(wy)) /2, 1<j<N
v0(z0) = (z0 — 25) Q5" (xo — 25)/2 + (yo — Ho(z0))" Ry (yo — Ho(wo)) /2.

where ¢;(z;, j41) = (2541 — My(e))" Q7" (@i — My(x7) /2, 0<j<N-1
—1
R;

The best estimation of the states xg, z1, . .., 2y then amounts to minimizing (1.3),
which is equivalent to maximizing the likelihood of the hidden Markov model. In the
strongly constrained case, only z( is a free variable. Using adjoint approaches for
the minimization of (1.3) in that limiting case with a checkpointing strategy results
in storage requirements of about O(Jlog(N)) with a recomputation effort that is
relatively bounded with J and N [9]. In the presence of model error, however, it is
no longer possible to constrain the states by using model propagation, and hence the
storage is N + 1 fold larger since all states zg,x1,...,zn are free variables. In the
case of a large J or N, which we are increasingly approaching in atmospheric sciences
as more refined physics models are coming online, the sheer amount of storage makes
applications to real systems with higher resolution out of practical reach.

To this end, we recently [1] proposed to reduce memory by using the constraints
of the optimality conditions themselves.

(1.4) 0= Va,p0(z0,71) + Vayyo(z0)

(1.5) 0:ijqu(;pj,g;jﬂ)+ij¢j,1(mj,1,:vj)+V$ﬂj(:rj)7 1<j<N

(1.6) 0= Vayon_1(@n-1,2N) + Vay v (TN)

Enforcing optimality conditions (1.4) and (1.5) gives a recursion for computing z; in

terms of xg and x;41 in terms of x; and x;_1 for 1 < i < N — 1. Hence each state
effectively is reduced to a function of just the initial state by using the optimality
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conditions as constraints; we call this recursively computable function \;(zq), i =
1,2,...,N. The objective function then becomes

N-1
(1.7)  D(xo) = % (Z i (Ai(20)) + @i (Ni(z0), Nit1(20)) + YN ()\N(:Eo))> .
i=0

Quasi-Newton methods such as L-BFGS can be used to minimize (1.7).

The recursive nature of the method opens the door for instability when the time
horizon increases or under certain model parameters, as also discussed in [1]. That
is, the recursion may exhibit rapid exponential increase of the solution, resulting in
numerical overflow. Numerical experiments show that in the presence of large model
error, large observation gap, large time step, or increased time horizon, the method
may encounter such stability issues and fail to progress. The method that minimizes
(1.7) in [1] uses essentially a single shooting idea. Each initial state x¢ determines
the whole trajectory through \;(zp), and the optimality is found by satisfying the
optimality condition at the end V,,én_1 + Voyynv = 0. We propose a multiple
shooting approach for which multiple restart points across the whole horizon are used.
We call such restart points checkpoints, given their identical functionality in adjoint
calculations [9]. Each checkpoint sequence determines a “shooting” segment of the
trajectory, and optimality is achieved by both minimizing the resulting function and
matching at each checkpoint. To compute the function and its gradients on a shooting
interval, we use a recursion like (1.5) restarted at the last checkpoint; a “shooting”
approach. At the cost of modestly increased storage, we expect the method to improve
stability by reducing the length of recursion on each segment.

The rest of this article is organized as follows. Section 2 describes the low-
memory multiple shooting method and proves the consistency of the solution with
the full-memory data assimilation method. In Section 3, we show that for nonlin-
ear systems within a certain regime, the condition number of the multiple shooting
method is bounded above with respect to the number of shooting intervals. Section
4 describes a recursive limited-memory algorithm to evaluate the descent direction of
the resulting optimization problem in preparation for numerical experiments. Section
5 presents numerical experiments that implement the multiple shooting method for
Burgers’ equation under different parameter settings. Improvements and limitations
are discussed in the conclusion.

2. Multiple shooting approach. We note that the recursion defining z;4;
through (1.5) is a two-term recursion; therefore a checkpointing approach here would
need two consecutive states. In the following, d pairs of checkpoints {xp, _1,2p,,
e Xp,_1,Tp,} € R247 are equally spaced across the entire state. To simplify the
discussion, we assume that the number of states on each shooting interval is constant;
we let k = N/(d+1) be that number. We also denote Py = 0 and P11 = N. For each
shooting interval [xp,, zp,.,] we define by I'; the component of the objective function
(1.3) attached to that interval:

P—1
(212) Po(wo) = 5 | D 1(E5w0) + 05(F5 (o), Fya (o)) |
§=0

Pi+1—1

N 1 ~
(21b) Fi(‘qu‘,—la ‘TPi,) = N ( Z ’yj(xj(xpi—lﬂxpi))
=P
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+¢j(5j($Pi—17$Pi)a5j+1($Pi—1,33P@-))>7 1<i<d-1
) 1 N—-1

(2.1c) La(zp,—1,2p,) = N( > (@i (wp,-1,7p,))
j=Pq

+¢i(Ti(xp,—1,2p,), Tjv1(Tp,—1,Tp,)) + VN(fN(de))> :

The mappings Z;(xp,—1,2p,) are defined implicitly from the optimality conditions
(1.4) and (1.5). This step is possible as soon as Vi, ¢(x;,j41) = Vg, Mj(xj)Qj_l(a:jH—
M;(x;)) is invertible in ;. This is equivalent to requiring that V., M; (xj)Qj_l be
an invertible matrix. Since M;(-) are propagating operators, they can be assumed to
be invertible from properties of dynamical systems (see also the discussion at the be-
ginning of [1, §3]). Since the covariance matrix @Q; is assumed to be positive definite,
it immediately follows that the recursion (1.5) is uniquely solvable in z ;.

At points immediately following the checkpoints, the mappings Zp, +1(zp,—1,Zp,)
are the solution of the optimality conditions (1.4) and (1.5) at checkpoint P;:

(2'2) O = va’Yzo (I'O) + V10¢P0 (3307 %1)
(23) 0= Vl‘Pi ép,_, (xpi_l’ xpi) + vai VP; (xpl) + pri op, (xpi ) §Pi+1)’
for ¢ = 1,...,d. At all other points, Z;(xp,_1,zp,) is defined recursively from

Zj_1(zp,—1,2p,) and T;_o(xp,—1,xp,) by using the optimality conditions (1.5) as
follows:

(2.4) 0=Vau;0j-1(Zj-1, ;) + Va7 (T5) + Vi, 05(T;, Tj41),

for P, < j<Py1—1,i=0,...,d. Under model (1.1), the recursions (2.2)—(2.4) can
be written at points immediately following checkpoints as

(25) El(xo) = Mo(xo) + Qov_TMo(xo)le(on — acB)
— QoV " Mo(x0) V" Ho(wo) Ry * (yo — Ho(0)),
(2.6) Zp,41(xp,,xp—1) = Mp,(zp,) + Qp,V " Mp,(zp,)Qp" 1 (xp, — Mp,_1(xp,-1))
- QpiviTMPi (xPi)VTHPi (xPz)RI_Zl (yP'L — Hp, (xpi))7
fori=1,2,...,d. At all other points between checkpoints we obtain
2.7 T(F5,T500) = My(F5) + Q; VT M;(T;)Q; 1 (T — Mj_1(Z;-1))
— Q; VM%)V Hy(%;) Ry (y; — H;(%)).
Repeated use of (2.7) together with (2.5) and (2.6) results in computing all mappings
Tj(xp—1,7p,)
Then, by gathering the objective function components (2.1) and by imposing

matching constraints at the checkpoint pairs, we obtain the following multiple shoot-
ing optimization problem.

d
. = A o~ A
(2.8&) min F(xo,xpl_l,mpl,...,J,‘pd_l,xpd)=F0($0)+E Fi(xpi_l,a?pi)
=1
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(2.8b)  s.t. ci(x) = —Zp, (x9) =0
(2.8¢) g1(x) = —Zp —1(xg) =0
(28(1) CZ+1(.’L')—(EP1+1 :L‘le(CEpi,l,pri):O, lglgd—l
(286) gi-‘rl( ) = TPy —1— g131‘-*-1—1(581'37‘,—13qu‘,) =0, 1<i<d-1
The Lagrangian associated with the constraint problem (2.8) is
d

(2.9) Lz, \v) = Z Me(@) =Y ol i)

i=1
where z = (zo,2p,_1,%p,,---,Tp,—1,7p,) and \; € R’ 1p; € R/ are Lagrange multi-

pliers for the equality constraints ¢;(z) =0 and ¢;(z) =0,i=1,2,...,d.
We also define the full memory form of the objective functions for each shooting
interval as follows:

Pi+171

1 .

Li(epipin) = & Do vlar) +éilagaa) | 0<i<d,
J=p;
(2.10) o
s
Pa(zpan) = + > (@) + (s, wi00) + v (@)

Jj=PFa

We now define a list of symbols frequently used in the rest of the article.
DEFINITION 2.1. For 1 <i<d and 0 < j < N, define

(a)
Ve, vi(@5) + Vi, 5(x5,2541),  0<j<N-—1
Vo, bj-1(xj-1,25), 1<j<N
oz](a:] 1,%5) + Bz, xj41), 1<j<N-1
Bo(zo,71); On(zN-1,2N) = an(zN-1,ZN) + Vaoy N (TN)

Bi(xj, xj41

) =
oj(wj-1,2;5)
) =
) =

oj(x] 1, L5, Tj41

Oo(z0, 71
Note that for T'; defined in (2.10), we have

ar; T
——* ) =[pL.6L . ., ..., 0% ,at 0<i<d—1
(6(xP¢:P1,+1)) I:BPL Pt PL+1_1 P1+1:| , ==

o'y g — [8T oT oT 9T
Az pynN) = [ﬁpda Py+1s-- 2 UN_1» N]'
(b)

L(O) V.. Ti 0<q

(IO) xoxj(x())v =~
Lg‘Piil)(xP-—laxPl) = vmpifl‘%/j(xpi_l)xpi)’ Pi-1< -]
L;-P)(JCPA,JUP) Vap, Tj(Tp,-1,2p,), P-1<y
(c) Let Ni(xp,—1,2p,) be (k+1)J x2J dimensional, and let Ag(zg) be (k+1)J x J
dimensional matrices so that

L;,Pi_l)(xpi,hxpi) ngi)(mpiflvmpi)

(3

~ J P;
8(mPiZPz‘+1) Lgpr‘rl )(xPi_l’xPi) ngrgl(xpi_l’xpi)
Alerner) = o rn) : : |
Lﬁafijl’(mpﬂ,mpi) LY 1)1 (xp,—1,7p,)
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8(501131)
9(xo)
Note that the first block row of A; is [0,1;] and the first block row of Mg is

I;. Let Lo(xg) and Li(xp,—1,2p,) be the last two block rows respectively of
Ao(xo) and Ai(xp,—1,zp,) so that

O
L) — lLﬁo_)l( m]

(P;—1) (Py)
zp_1,xp) L Tp._1,Tp
Li(xp,—1,2p,) [ Pi“fl( P~1,7P,) Pi+1*1( Pi-1,7P;)

Lgfi_l)(xpf,—laxpf,) nglj;)l (xPi—lﬂfo,)

T
Ao(wo) = = 28 @0)", 1 (@), L8 @0)T]

1

(d) Let Ji(xp,—1,xp,) and Jo(xo) be J(k+1) x J(k+1) dimensional symmetric
block tridiagonal matrices defined as follows (with the arguments of f.,0.,c.
dropped for brevity).

vfﬂpi 6137‘, VIP,L-+10P1‘ 0
VCEPi 9Pi+1 vai+19Pi+1
J; =
VIP,i+1716Pi+171 vaiJrl 9Pi+1*1
L 0 Vipi+1 -1 9P7:+1 VIPHI QP

Note that J; = V2T for 0 <i < d—1, and V*T'y differs from Jy by only the
last diagonal block element so that (Jg) k) + Va YN = (V2La) (k) -

We now illustrate the relationship between the solution of the multiple shoot-
ing constrained optimization problem (2.8) and the solution of the full-memory data
assimilation problem (1.3)

THEOREM 2.2. Let a5 be a local minimizer of T'(xo.n) (1.3) that satisfies the
first- and second-order sufficient conditions. Let x* = (25, Tp, _1,Tp s+ Tp, 1,Tp,)-
Then

(a) x* satisfies the KKT conditions of (2.8) with Lagrangian multipliers X\ =

~Vap Op—1(p,_1,7p,), b7 =0 for 1 <i < d.
(b) The Hessian matriz of the Lagrangian at optimality satisfies

d
w V2L X ) w =Y ] AT JiA
1=0

T
+ (Lg\frl)de + L%Dd)wwﬂ) ViN'YN (L%}rl)de + Lg\fd)wwﬂ) ;

fOT’ w = (’wl,...,’wgd+1) S R(2d+1)J, ’lIJZ = (U/Qi,'lUQiJ,_l), 1 § ) § d, and
lf}() = wW1.

(c) x* satisfies the second-order sufficient conditions of (2.8).

Proof. The optimality conditions (2.2)—(2.4) uniquely determine the recursion
of Z;, 0 < j < N (Theorem 1 of [1]). Therefore the solution x5 of (1.3) coincides
with the state propagated starting from the checkpoints by using the recursions (2.2)—
(2.4), namely, z; = z7 for 0 < j < N. In the rest of the proof, the dependence of the
symbols defined in Definition 2.1 on the checkpoints is suppressed for brevity.
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First, we aim to verify part (a), that is, check the KKT conditions with Lagrangian
multipliers A} = =V, ¢p,_1(zp,_;,7p,), 7 = 0 for 1 <i < d. Note that from the
definitions of ap,, Sp, (Definition 2.1(a)) and optimality conditions (1.4) and (1.5),
we have that for 1 <i <d,

(2.11&) aPi (xy};ifl’ x*PL) + )\;k = 07

By the chain rule and from the definition of the constraints (2.8b) and (2.8¢) and
Definitions 2.1(a) and (c), the first-order derivatives are

(212)  Va L(z*, N, ") = Vo Do(a) — Vager (z5)NS — Vo g1 ()07
Fo.p)\" T T ©o T
= L AN+ L ¥
( (o) O(zo:p,) Tl At Ep v
T
= AV, +L$91)71 Y], where

0o (x5, 1)
61(Zo, 21, Z2)

(2.13) Vo=

9P171(§P1*2a§131*1a EPI)
ap, (Tp,-1,Tp,) + A]

Optimality conditions (1.4), (1.5) and (2.11a) imply V, = 0, and hence we have
Vo L(z*, A%, 1) = 0.

For 1 < i < d —1, from the definition of the constraints (2.8d) and (2.8¢) and
Definitions 2.1(a) and (c), we obtain that

(214) v(wpi,l,wpi)L('r*a A*a 77[}*) = v(wpi,l,wpi)ri(l'};i—hx};?;)

_ vﬂﬂpi—1qu'(1'*)7:/}2< + vmpi_lci+1($*))\;‘k+1 + pri—lgi+1(x*)7/};k+1
Vap, ¢i(2")A] + Vap, civ1(2")A 11 + Vaep, gipr1 (27)0] 4

~ T “ P 7T P—1T |,

_ ( O(Tp,;:py,) ) ar; -~ Vi — Lgmlf)l g - LED,M ; Ay
* P; * P; *

O(zp—1,2p) O(xp:ps) Af = L53H)1—1 Vi — LgDH)l Al

«_ -0 T
_ ATV— ’(/}Z _LP«;+1*1 i+1
=AV

T
(Pi) *
_me—l Vit

BP«; (.%‘731, %Pﬂrl) - )‘;k
0P7‘,+1(%Pi’ §P¢+17 %Pi+2)

, where

(2.15) V; :=

9Pi+1 -1 (xpi+1 -2,TP; -1, xPH»l)
e -~ *
ap; (xP1:+1 -1, IPiJrl) + >‘i+1

Optimality conditions (1.4) and (1.5) and (2.11a) and (2.11b) imply that V; = 0, and
hence we have V(Zpﬁl)xpi)L(x*, A* %) = 0.

For the last shooting interval, from the definition of the constraints (2.8d) and
(2.8¢) and Definitions 2.1(a) and (c), we obtain that

(216) V(Ipd_l,wpd)L(‘r*7 >‘*7 w*) = V(Ipd_17mpd)]‘—‘d(x*Pd717 ‘r}de)
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-V$Pd71gd(‘r*)w;
I Vzpd ca(z*)N;

[ ﬁpd(z}d’%fjd-l-l) - /\2
Op,+1(ZTpy, TPy41, Tpyy2)

= ATV, -

%d} , where

(2.17) Vg =

OnN_1(TN-2,TN-1,TN)
ON(Tn_1,ZN)

Optimality conditions (1.5) and (1.6) and (2.11b) imply that V; = 0, and hence we
have V(ﬁpdfl,gcpd)L(:U*, A*,4*) = 0. This completes the proof of part (a).

We now derive the Hessian matrix. For 1 < ¢ < d, directly applying the chain rule
to (2.12) and (2.14), we note that V; = 0 for 0 < i < d—1 give that V2 L(z*,\*,¢*) =
A§ JoAo and that V7, oL@ A ) = AT JA; for 1 <4 <d—1.

For the last shooting interval, applying the chain rule to (2.16) and from Defini-
tions 2.1(a) and (d) and the fact that V; = 0, we obtain that

(Pa—1)7
Viomvan LN 07) = A Jaha + gumT 1 V2o [LFILE].
N

Since the constraints are separable, there are no cross terms in the Hessian matrix.
For w = (wy,...,waq41) € REHDT " we define w; = (wai,wai41) for 1 < i < d
and Wy = wy. Then we have that

d
wTV§L(as*, A p)w = Z wiTAiTJiAiuA)i
(2.18) i=0

T
+ (Lg\fd_l)ww + L%’”wzdﬂ) V2 IN (Lg\fd_l)wzd + Lg\fd)w2d+1> .

This completes the proof of part (b).
The critical cone at optimality, from Definition 2.1(d) and (2.8d) and (2.8e), is

(2.19) C(z*, X\, 9*) = {w € RV . Ve, (2w = 0, Vg; (z*)w = 0,1 < i < d}
= {w e RV ., = L; 11,1 < i < d}.

We define the vector u € RNt by

L,  0<j<P
w; = - :
! LEPZ Vg + Lépl)w%—&-la P+1<j<P,,1<i<d

so that for 0 < i < d,

T
PO P 4 T T
(2.20) A, = [inH, Up, 415+ Up,,,

From Definition 2.1(c) the first block row of A; is [0, I ;] for 1 <4 < d, and Iy for i = 0.
Now we consider w € C(z*, \*,1*) and w # 0. This implies that w; # 0; and since

ugp = wy # 0, we have that u # 0. Note that since w € C(x*, \*, ¢¥*), nglji_l) =0,
and Lg?') =1, we have from (2.19) that up, = wa;41, for 1 < i < d. Substituting this
equation in (2.18), using (2.20), using the expression of J; from Definition 2.1(d), and
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using the fact that from Definition 2.1(a) we have that V., Bp, +Va, ap, = V., 0p,
for 1 < i < d, we obtain that

TV2 L(z* , A 9" w = uOTV%Houo + ugvxﬁoul
N—
Jrz u; V% WOjug1 + uj Y. 0uj+u N Ujt1)
j=1

+ %VIN Onun_ 1+uNV$N9NuN—u (ViON (x(*J:N))u>O.

This completes the proof of part (c). ]

3. Stability analysis. The constrained optimization problem (2.8) is now solved
with an augmented Lagrangian method. From the Lagrangian function (2.9) and using
the notations of (2.8), we define the augmented Lagrangian function.

(3.1)

d d
La(, A1), p1) ZAT@ 1)~ o] gi(x) gz z) + gi(2) T gs(x))

Here i > 0 is the penalty parameter that helps enforce feasibility. In the rest of this
work we assume p is fixed but large enough so that when A\* and ¢* are the Lagrange
multipliers of (2.8), the solution z* of (2.8) is a local minimizer of (3.1). Such a u >0
exists from augmented Lagrange theory [18] and Theorem 2.2.

In this section we investigate the condition number of the Hessian matrix for L4
with respect to the number of shooting intervals. In ideal circumstances, the condition
number would be bounded above by a constant and thus would prevent exponential
growth of the solution in time, which is the signature of instability discussed in §1.
Our aim is thus to identify under what circumstances this favorable situation can
occur.

For this analysis we use several simplifications to our approach. While our in-
vestigations have indicated that similar results can be obtained without making the
simplifications, leaving them out would significantly complicate and extend the anal-
ysis. We thus keep the number of time points in each shooting interval fixed at k,
and we use for all d shooting intervals a fixed time step At. Since k is fixed, d grows
linearly with N. We consider a constant covariance matrix for model error @) and
observation error R for all time steps. The observation mapping is time-dependent
linear; that is, H;(z;) = B;x; for all 0 < i < N and some B; € RE*/. Note that
we allow observation gaps in time, which can be modeled by setting some B; and the
respective observations to 0. Theorem 2.2(b), definitions of the constraints (2.8b)-
(2.8¢) and of the critical cone (2.19), and Definition 2.1(c) imply that the Hessian for
L 4 at optimality satisfies

d d

(3.2) wTViLA(x*,)\*,z/)*, Z ATA Ji N + “Z s — Li_110;_1||?
=0 =1

T

for any w = (w1, ..., waqt1) € REA+DJ where we denote g = wy, W; = (wa;, Wait1)
for 1 <i<d.
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We now introduce the definition of the observability matrix for each shooting
interval, which is based on the standard one for the linearized system on a given
system trajectory [11].

DEFINITION 3.1. For each 0 < ¢ < d, P; < j, denote H{:Pi VM (z) =
VMj(ﬂJj)VMj_l(l‘j_l) .o VMpi (-rP,) Deﬁne
Pi+k—3 T

Cl(z) = Bg,;?(BP1+1VMIP1-($P7‘,))T7"'7<BP1‘,+]€—2 1T VM!@Z))
I1=P;

as the observability matrix for the (i+1)th shooting interval.

For our work, the importance of the observability condition is that it will ensure
that the objective function of (1.3) when applied to the linearized system is positive
definite on one shooting interval.

LEMMA 3.2. C;(x) being full rank is equivalent to

Q(w) = ((ijrl — VMj(lL’j)U)j)T Qil (ij — VMJ(.’EJ)U)]) + ’U)‘;Z-“BJTRilBjU)j) >0

Pi+k—2
j=P;

Pl

for any 0 #w € R* and 0 < i < d.

Proof. Suppose there exists 0 # sp € R/ such that C;jsg = 0. Then we define
s = (sp,...,sp+x_1) € R* such that sp, = s, Sp4+j = ZIZJISffl VM;(x;)sg for
1 < j < k—1. Note that the assumption C;sq = 0 and the definition of s imply that

(3.3)
Pi+j—1
0= BPiSO = BPiSP” 0= BpH_j H VMl(.Z‘l)SO = Bpi+j8pi+j, V1 S] S k—2.
I=P;

Then, (3.3) and the definition of s give that Q(s) = 0. Note that s # 0 since so # 0.
On the other hand, suppose Q(s) = 0 for some 0 # s = (sp,,...,sp,+r_1) € RF/.
Then Bjs; = 0 and s;41 = VM;(z;)s; for P, < j < P;+ k — 2. Then we have

Pi+j—1

(34) OZBpiSPi, OZBPH_j H VMI(IZ)SP“ VISJSIC*Z
I=P;

Then, (3.4) implies that C;sp, = 0. Note that sp, # 0 because otherwise s = 0.
0

A full-rank result holds for the Jacobian matrix of the recursion.

LEMMA 3.3. Aj(zp,—1,2p,) s full rank for 1 <i<d,

Proof. Adapting optimality recursion (2.6) to our simplified model gives

Tp+1 = Mp,(zp,) + QV~ " Mp,(zp,) B, R~ (Bp,xp, — yp,)
+QV T Mp,(2p,)Q " (xp, — Mp,—1(xp,-1)).

and it implies LY = 92550 = —QV-TMp,(2p,)Q 'V Mp,_1(2p,—1), which is

invertible. Since the first block row of A;(xp,_1,2p,) is (0,I) and Lgﬂr_ll) is the
(2,1)th block, A;(zp,—1,zp,) is full rank. O
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In addition to observability on one shooting interval, we will make slightly stronger
assumptions than the ones implied by Lemmas 3.2 and 3.3. That is, we will assume
that those bounds hold uniformly with the shooting interval index i.

ASSUMPTION 3.4. There exist v, > 0 and pi > 0 dependent on k but not on i,
or d, such that for any N > 0, we have the following.

(a) The observability matrices Ci(x*) are full rank for 0 < i <d.

(b) Under (a),

Pi+k—2
* T ~— * -
((wj+1 — VMJ(IJ)IUJ) Q 1 (wj+1 — VM](I‘])U)]) + U/jTB]TR 1Bj’LUj> Z "YkH’LUHQ

JI=ri

for all0<i<d, w=(wp,...,wp1x_1)€RF.

(¢) Amin(Ni(xp,_q,2p) " Ni(xh_y,xh)) > pr for all 1 <i < d.

The second set of assumptions characterizes the system, states, and observations
as follows.

ASsUMPTION 3.5. For any N > 0,

(a) maxo<j<n (|2}, |zs]]) < C1 and maxocj<n ||ly;|| < Co for some constant

Cy >0 and Cy > 0;

(b) maxo<j<n ||Bjllr < bo for some constant by > 0;

(c) maxo<j<n (||VMJ(3U;)||F, ||V_1Mj(a:;f)||p) < A for some constant A > 0;

(d) maxo<;<n (||Mj(x;‘)HF) < myg for some constant mgy > 0;

(e) maxo<j<n ||V, vec (VTMj(:c;f)) | < Ay for some constant A; > 0.

In fact, Assumptions 3.5(d) and (e) are consequences of (a) and the fact that M; is
at least twice continuously differentiable. We nonetheless state them as assumptions
so that the bounds we will use in the proof will have convenient references.

We now make a small nonlinearity assumption. It is shown in [1] that for s x s
matrix S and s x 1 vector u and x, we have

(3.5) V. (Su) = (u” @ I,)V vec(S) + SV u.

Here we define M]@)(u) = (u ® 1)V, vee (VI Mj(x3)). If u is not a function
of x;, then Mj@) (u) = Va, (VI Mj(x3)u). Moreover, if the system is linear, then
Mj@)(u) = 0; therefore bounds on MJ@)(U) are bounds limiting nonlinearity. Note
that under Assumption 3.5(e), denoting Cy = A;v/J, we have for any N > 0 that

. M < AyfluT @ Is||p < :

(3.6) oax M7 (w)llr < Auflu” @ Lllr < Collul
For our proof, however, we need an even sharper restriction for the nonlinearity de-
scribed below.

ASSUMPTION 3.6. There exists 0 < b, < vk such that for any N > 0,

(2) (H-1
0y IM;7(Q7 (240 — My(x}))) |l » < ba,

where v s as defined in Assumption 3.4.

Other than the observability assumption on each shooting interval, Assumptions
3.4 and 3.5 are primarily stating uniformity, and thus are only marginally stronger
than the existing assumptions. Assumption 3.6 on the other hand, puts a relatively
hard bound on how much nonlinearity we can tolerate in our analysis. At the end of
this section we will discuss the effect of this assumption and its significance.
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With these definitions and assumptions, we now proceed to the main results of our
paper. That is, we now prove that for the nonlinear system satisfying Assumptions
3.4, 3.5, and 3.6, the condition number of the Hessian matrix for the augmented
Lagrangian is bounded above. First, we derive a lower bound.

PROPOSITION 3.7. Under Assumptions 3.4 and 3.6, for any w € R¥ and ||w|| =
1, we have that wTJi(:c};i)w >y, — by for 0 <i<d.

Proof. Referring back to Definition 2.1(a), we have that

(3.7)
VaoBo = VT Mo(3)Q ™ VMo () + BY R Bo — M{® (Q7 (2 — Mo(x3))) + Q5
Vo, 85 = VI M;(5)Q7'VM;(x}) + BT R™'B; — MY (Q7 (a4, — M;(x)))),
0<j<N-1

Ve,a; =Q7", 1<j<N, V, 0;=-Q 'V'M;_1(2}_,), 1<j<N

Va0 = Va0 + Ve, Bj, 0<j<N Vg 0;=-V"M@)Q ", 0<j<N-1

So for ||w|| = 1, referring to Definition 2.1 (d), we have

P
+k
2 — * *
- Z w,fM]( ) (@7 (241 — M;(a]))) wy,
Jj=P;

Pi+k—2
* * T — * —
’LUTJi(IEpi)w Z Z ((wj_H — VMj(.Ij)’UJj) Q 1 (Wj+1 — VMj(xj)wj) —|—’LUJTBJTR 1ijj)
i=P;
Pi+k—2

for which equality holds for 1 < ¢ < d. For i = 0, the difference between the two sides
is wi lewo, which is non-negative. By Assumption 3.4(b) we have that

Pit+k—2
* T - * —
Z ((IUj+1 — VMJ(SCJ)’U)J) Q 1 (wj+1 — VMj(mJ)wj) +’LUJTBJTR lijJ') Z Yk
Jj=P;
and by Assumption 3.6 we have that ‘Zﬁﬂ:*z wa;Q) (@1 (x;?_H — Mj(x3))) wj’ <
b.. Thus Proposition 3.7 follows. ]

We now derive upper bounds in a series of lemmas.
LEMMA 3.8. Under Assumption 3.5, for each 1 <i<d, P;+1<j< P,+k, and

p =P —1,P, we have that | L\ («},_,a)|r < CF " and | L (23)||r < O3,
where Cp, > 1 is a constant independent of d.
Proof. For 0 <i<dand P, <j < P;y; — 1, define
Fij = VM;(x}) = QVa, (V7 M;(25)B] R (y; — Bjzj))

and for 0 <i<dand P,+1<j < Py1—1, define

Gij = QVIJ (V_TMj(l‘;)Q_l (l‘; — Mj,1($;71>))

Kij = —QV T M;(2})Q ' VM, _1(z}_y).
Also define

Gio = QVzo (VT My(23)Q5" (xf — z)) .
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Then for any 1 <i < dand P;+1 < j < P, +k, from optimality recursions (2.7) and

the chain rule, the recursion of Lgpi) and LE,P 1) can be written as
(p) )
(38) L(]p — Fi,j—l + Gi,j—l Ki,j—l Ljp_l
Ljp_)l IJ 0 Lgp—)Q ’

where p = P;, P, — 1. For the initial shooting interval, the recursion runs through
2 <j < P and p = 0. From (2.5), the initialization of the recursion for the initial
shooting interval is

LV [Fo+G
39 1| — [f10 10] .
(39) lLEP’ o

For the other shooting intervals 1 <14 < d, from (2.6), the recursion is initialized by

s [S0)=[0] [E]-T5]
e R VA
Now we give upper bounds for the propagation matrices. For some J X 1 vector

v(z}), by differentiating both sides of v(z}) = VI Mj (%) VT M;(2})v(z}) and using
equation (3.5), we have that

Vo, (VIM (@) o(ah)) = =V T M, () M (VT M (ah)o(a?))

(3.11) J S ) J
+ VT M;(2})Vo(x;).

Now we can give bounds to each part involved in the propagation. By equation

(3.11), Assumption 3.5, and equation (3.6), we have that
(3.12a) ||V, (V™' M;(a})B] R (y; — B;jz})) |Ir

< V"M ()M (VM () B R (s — Bja) | v

+ VT M; () B R Bj||p < CoA?bo||R™H||#(C2 +boCh) + AbG || R,
(3.12b) [|Va (V7T Mo(25)Q5" (w5 — 25)) lIr

< V" Mo () Mg? (V" Mo(a3)Q' (w5 — x5)) ||

+ IV Mo(25)Q5 | < 2C0A4%(|Q5 [|#C1 + Al QB I F,
(3.12¢) [|Va, (VTIM;(2))Q7 (¢ — Mj—1(25_1))) |r

< VM E)MP (T M )@ (5 = My (o)) e

+ IV M;(2)Q | < CoA%|Q M| p(Cr 4+ mo) + AQ | p.
We then have that
(3.12a) 5 1 5 .
[Fijllr < A+[QIr (CoA?bo||R™|p(Co + boCh) + AbG|R™|p) := F

(3.12¢)

1Gijlr < 1Qlr (CoA? Q™ | F(Cy + mo) + AQ™F) := Gy

1Kijllr < AYQIFIQF =K
3.12b
<

( )
|G1oll 7 1QllF (2C0A%|1QE IFCL + A|QE || ) = Go.
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Let G = max (G1,Gg). Then, bounding each term in the propagation relations
(3.8), (3.9), and (3.10) by its Forbenius norm, we have for 1 <i <d, P, +1<j <
P;+k,and p= P; — 1, P; that

(») (p)
(p) L; i 1+G2 1 Kij1 L~
L7 lr < || [L(’p) ] ’H 7 7 0 pr)
-1 —2] ||
j—Pi+1 .
< (\/J+K2+(F+G)) VAR <\/J+K2 F+GR) T =ch,

and for the initial shooting interval, similarly we have for 1 < j < P; that

HL(O Ip < (\/J—|—K2+(F+G) ) N mﬁ (\/J+K2+(F+G)2)jzcg.
0

LEMMA 3.9. Under Assumptions 3.5 and 3.6 and using notations in Definition
2.1(d), for each 1 <i < d we have that ||Jo(z()|F, | Ji(xp, 1,2, )|l < Cy for some
Cy > 0 independent of d.

Proof. Because of the block tridiagonal structure of J; for 0 < i < d, we have that

Piy1—-1
1ille < Y2 (IVay_i05llr + Ve, 052 + Ve, 0 )

j=P;i+1

I Vap, BrllF + [ Vap, 1 0plF + [ Vap,

i1 — 19P1-+1||F + vapi+1 aPi+1||F

@ Dot . . 21 21 1
< Y ARQTME+ QM e+ AYQ T r + B3R r + br)

j=P;i+1
+24Q 7 IF + 17 r + A2Q I + B3R |7 + bi
< kQAIQHr + Q7 F + A[Q 7 F + B3I R + bi)
= C,].
]
PROPOSITION 3.10. For any w € R4V and ||w|| = 1, we have that
wIN2LA(z*, X, 0%, p)w < Uy for some Uy, > 0 independent of d.
Proof. For 0 < i < d, using Lemmas 3.8 and 3.9 and referring to Definition 2.1,
we have that ||.J;]| p||Ail|3 < 2(k 4 1)C;C2*. Then, from (3.2), it follows that

d d
wV2LA (2", A, 0%, pw = Zw? AT JiAsi; + uZ ld; — Li—ytb;—1]|?

(L(Pd 1)’LU +L( )1U2d+1) BNR 1B <L(Pd 1)w2d+L§\I;‘l)w2d+1)
< 2(k+1)C;C% + B R pC2* + p(1 + 20%)2.

Defining Uy, to be the last quantity above completes the proof. O

We are now in a position to state and prove our main result.

THEOREM 3.11. Under Assumptions 3.4, 3.5, and 3.6, the condition number of
the Hessian matrixz for the augmented Lagrangian is bounded above independent of the
number of shooting intervals, d. That is,

U
(v — bx) min (pg, 1)

k(VELa(z*, N 0%, 1)) <
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Proof. For any w € R4tD7 and ||w| = 1, using Proposition 3.7 and Assumption
3.4(c), we have that

d d
wTViLA(JS*,/\*,W Z ATATJAwl'FMZsz_Lz 1W;— 1”

1=1

+(L§fd*1>w 4+ LiP w2d+1) BLR'By (L( a= 1)w2d+L§§’“w2d+1)

d
> Z W] AT TN > (e — br) Z||Az'wi”2

=0
Assumption 3.4
> (v — bx) (Pk D lal® + Iwo||2> (7% — br) min (p, 1).
1=1

Combining with Proposition 3.10, we obtain

A’ma;v (VQLA(x*a )‘*7’(/)*7”)) Uk
K(VELa(x*, N 0%, 1)) = - < - ;
(VaLa@® 0% 0) = 3 L e o) = (o = o) min (o, I
which completes the proof. ]

Discussion. An interpretation of Theorem 3.11 is that, under observability As-
sumption 3.4 and small nonlinearity Assumption 3.6, the condition number of the
multiple shooting problem is bounded above with the number of multiple shooting
intervals d. This prevents the exponential increase of the solution, which we define
as instability, and thus makes the multiple shooting problem computable. We note
that the upper bounds of the lemmas preceding Theorem 3.11 allow for exponential
increase within the shooting interval; but as long as observability holds, this increase
stops at the end of a shooting interval. As for Assumptions 3.6, we note that the
amount of nonlinearity needs to be upper bounded by the lower bound v that is re-
lated to observability by Lemma 3.2. This points out that the bound on nonlinearity
in Assumption 3.6 is not absolute; it only needs to be small compared with how much
information can be found in the observations. That is, increasing the measurement
space would increase the lower eigenvalue of >° BI' R™!B; and thus ~y;, which in turn
would increase the prospects for Assumption 3.6 to hold.

Another important question is whether these assumptions are necessary. While
an if and only if statement between observability and the bounded condition number
of the multiple shooting Lagrangian probably does not hold, some of the assumptions
are necessary in the following way. As we can see from Appendix A, multiple shooting
without observations still results in exponential increase of the condition number and
thus of the solution. Therefore some amount of observability, or, otherwise said,
state space coverage by data, is necessary. As we can see from Appendix B, without
multiple shooting the condition number of the Hessian matrix for the single shooting
function (1.7) also increases exponentially and thus is unstable. We conclude that
some form of observability and multiple shooting are necessary to obtain a stability
result as Theorem 3.11.

4. Recursive gradient evaluation. When implementing minimization of the
augmented Lagrangian function (3.1), gradient evaluation is required. In this section,
we describe a recursive method for computing the gradient of (3.1) that fits into our
memory-saving framework.



16 W. XU AND M. ANITESCU

First we derive the gradients of the augmented Lagrangian function. Note that
Hj(:?j_l,ij,ijﬂ) = 0 for all R +1 S j § Pi—l—l - ]., 0 S ) S d, and 90(3’]0,%1) =0.
For the first interval we obtain that

T
VaoLa(@ A, 1) = LY (Vop ¢p—1(Tp,—1,p,) + A1 — pes ()

(4.1)

+29 7 (01— g ()

For 1 <i < d—1, we obtain that

T Piy1—1
_ r -1 ~ ~ ~ ~
vzpi,lLA(x7)\7¢7ﬂ) _LPi+1 Z 9 '717‘/'Ej7xj+1) +VZEP1+1¢P1+171(:EP1+1717xpi+1
=P;+1

T _
+ LEDIZI D7 i1 — peia () + L(il 1)1 (Yit1 — pgi+1(2)) + pgi(z) — s

P, — ~ ~
vxPiLA(xa)‘vzz}? ) L( H-)l —1,$j7xj+1) +V$Pi+l¢Pi+1—l(xPi+1—1a'IP,-+1)

T ~
+Lp" (Aig1 — peia(z)) + Ly? Po—1 (Yid1r = pgiv1(2)) + pei(x) — Ni + Bp, (TP, Tp11).

Py T

For the last shooting interval, we obtain that

N-1
Vo, La(w, A, p) = L§* o Z 0,217, %j41) + On(ZN-1,TN)
a+1
— Ya + pga(z),

N-—-1
Vap, La(z, A, 1) = L" Y 0EATE, Tjga) + On(Fn-1, En)
="a+1

+ Bp, (T Py, Thy41) — Ad-

Note that the derivatives are composed of a matrix-vector product for which the
vector can be computed through one forward recursion similar to the one for the

states. The Jacobian matrix Lgi)l, however, needs to also be computed by forward

recursion, and it turns out to be dense. The computation thus would require O(.J?)
storage and inhibit the low-memory advantage of our approach. Instead, we compute
the matrix-vector product using a backward recursion separately on each multiple
shooting interval, as follows. Since the evaluation procedure is the same for each
interval, we illustrate our method with the first interval (assuming it has length N').

The target of our algorithm is to compute vTLS\(,),) for some constant vector v.
This algorithm can then be used to compute the gradient components defined in the
beginning of this section. For example, for computing the first component (4.1) we
note that we have two such matrix-vector products, where N’ is, succesively P; and
Py —1 and v is succesively (prl ¢p—1(Tp—1,Tp,) + M1 — per(x)) and (Y1 — pgr(2)).
Similar embeddings hold for all other gradient components.

The computation of UTL( ) proceeds as follows. The optimality recursion states
that 0;(Z;-1(z0),Z;(z0), CEJ+1(.7J0)) =0 for 1 < j < N’ — 1. Differentiating with
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respect to xg gives
(42) L) = (T 057 (T, 0L, + (90,050
Now we write the recursion ansatz and substitute (4.2) to obtain

UTLE\(;?—ZH = CEFLS\(/Q_Z + blTLS\??_z_1 = —C;‘F(Vzw,l@Nulq)_l(VzN,,L,ﬁNuzq)Lg\??_l_Q

- 0 0 0
+ (blT B clT(vﬂCN/—zeN’—l—l) 1(va/—z_19N’—l—1)) Lgv?flfl = Cﬁrngleq + b’lljl*lLEV?flfQ

for 1 <1 < N’'—2, where ¢;41 and b1 forl = 2,..., N'—2 are defined by sought-after
recursions

(4.3) el = — ¢ (Vap ,On—121) " (Vap,  On—1-1),

T T -

(4.4) b1 =—¢ (Vay, ,On—1-1) " (Vay, , 08 —1-1).
Then the matrix-vector product of interest can be expressed as UTLg\(])? = c%,71L§O)+
b%,_ng)), where cn/_1 and bys_7 are obtained through recursions (4.3) and (4.4). It
is a backward recursion with respect to the usage of state information x;. The initial

values for the recursion are
of = 0" (Vo On—1) " (Vay, Onv—1), b = 0" (Vo On—1) " (Vay, 08 -1),

obtained by total differentiation of On/_1(Zn/—2(z0), Zn/—1(x0), Ty (20)) = 0.

Since the recursion can be computed separately on each shooting interval, the
total storage does not exceed the number of multiple shooting checkpoints plus the
length of an interval, which adds up to 2d+ 1+ N/(d+1). We can use checkpointing
within the shooting interval to reduce the storage even further, but we do not pursue
that avenue here.

5. Numerical results. In this section, we apply our multiple shooting method
to Burgers’ equation in order to verify some of our theoretical findings. This is a
one-spatial-dimension, time-dependent, partial differential equation that exhibits both
diffusion and nonlinear advection. Since implementation of new ideas in an operational
environment is a development-intensive process, in many research references discussing
new state estimation methods Burgers’ equation is considered an important first test
of a method [2, 13, 14, 26].
The partial differential equation describing it is the following:
ou  10(u?) 0%u

Gl 5t 3 7er ~ Vo

u(0,t) = u(l,t) =0; wu(z,0) =wup(z),

where v > 0 is viscosity coefficient and (x,t) € (0,1) x (0,T).
We denote by u}* the unknown value at grid coordinates (jAz, mAt) and Az =
1/J. We use a centered finite-difference discretization [2]:

u Tt —um ()2 — (u)? v
J J J+1 j—1 m+1 m+1 m-+1y _
(5.2) 7 + Az VP (ujy —2ul™ +ul ) = 0.

To demonstrate the benefits of multiple shooting, we choose parameters for which
the single shooting method in [1] exhibits instability. To make the problem closer to
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intended application target, we also experiment with larger model error and sparser
observations, which are known to be more difficult [1]. We compare the solution of
the multiple shooting method with that obtained from directly minimizing the full-
memory function (1.3) in our examples. Note that the full-memory problem itself is
not without difficulties: it cannot be solveed to high accuracy by LBFGS in any of
our examples within 2,000 iterations. The norm of gradient of (1.3) decreases slowly
approaching the end and never gets below 107%. In this section, we refer to the
approach of minimizing the full-memory function as 4D-Var for brevity, although our
example is (1+1)D.

5.1. Results for Burgers’ equation. We choose Az = 1/500, At = Ax/500,
background state xp = sin (7x), and background covariance Qp = 0.011. We gen-
erate the initial state ug by sampling from the background distribution, namely,
ug ~ N(xzp,Qp). The rest of the states are generated by model propagation plus
a model error term, namely, usr1 = My(ug) + 1 for 0 <t < N, where n; ~ N (0,Q)
and Q = (At)%diag(2,1,...,1,2) is the covariance of model error. The observations
are generated by applying Hy(u:) = sin (u¢) to the underlying states U = {ug, ..., un}
plus a mean zero normal observation error term to mimic the action of a noisy non-
linear operator. We note that for analytic simplicity our theoretical results consider
only the linear observation operator case; but we expect the nonlinear one to be even
harder, so we could use the results to validate the outcome of multiple shooting. The
covariance of observation error is chosen as R = 0.011. The observations are made
with a gap of 10 steps in time and space.

Our aim is to minimize the augmented Lagrangian function (3.1). For achieving
our limited-memory purpose, we use LBFGS [18] with p = 6 stored vectors. To obtain
an initial point for minimization, we first perturb the underlying state U by the error
of the background distribution. This mimics the situation where the estimation does
not start cold; in other words, initial estimates of the states do exist from previous
runs of the algorithm. On each shooting interval, we run the 4D-Var minimization
of (2.10) with LBFGS for 200 iterations to get a “warm start” state {wo,...,wn}.
Note that 4DVar is run only in the beginning on each interval separately on which
p trajectories are stored. The largest amount of memory required is then max{2d +
1+ %, (p+ 1)%} state vectors. We also note that applying LBFGS to the 4DVar
problem on the entire horizon requires (p + 1)N state vectors, which is most times
d times larger. We add that in this and in the other numerical sections, it proved
difficult to find another starting strategy that will reliably produce a point from which
the multiple shooting algorithm will converge. On the other hand, this strategy does
work and does not alter the storage reduction benefits of our approach.

The checkpoints of the warm start state {wo,wp,_1,wp,,...,wp,—1,wp,} are
then used as the initial point for minimizing (3.1). The Lagrangian multiplier and
penalty parameters are initially chosen as )\EO) =0, wEO) =0, 1 = 10 and are
subject to the usual Lagrange multiplier updates [18].

In Table 5.1 we tabulate the number of checkpoint pairs d, number of stored
vectors, and percentage of storage over full-memory storage for each of the examples
in this section. For N = 800, d = 12 is the smallest number of checkpoint pairs
to make the computation stable. For each 800 < N < 1600, the corresponding d is
chosen so that d/v/N = 12/4/800. For N = 2400, d is chosen to satisfy d/N = 12/800.
We choose d x N for N = 800 and 2400 to demonstrate that the method is stable
for increasing NV and hence to verify Theorem 3.11. For 1000 < N < 1600, we choose
another relation d « v/N to demonstrate empirically the consequences of a more
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N 800 1000 1200 1400 1600 2400

d 12 14 15 17 19 36
storage 434 469 525 546 560 455

storage  78%  6.7% 63% 56% 50% 2.7%

Table 5.1: Number of checkpoint pairs d and maximal storage for At = Az/500.

0 50 100 150 200

Fig. 5.1:  Function value of (3.1) Fig. 5.2: Gradient norm of (3.1)
at  each iteration of LBFGS at each iteration of LBFGS
for At = Az/500 and N = for At = Az/500 and N =
800, 1000, 1200, 1400, 1600, 2400. 800, 1000, 1200, 1400, 1600, 2400.

aggressive checkpointing schedule.

Figure 5.1 compares the function value reduction of (3.1) at each iteration of
LBFGS for increasing time horizon. For 800 < N < 1600, the rate of the initial
descent (before iteration 50) becomes smaller as N increases, which indicates slower
convergence for increasing N. This means that a more aggressive checkpoint schedule
(e.g., d x V/N) can lead to slower convergence. In contrast, the rate of descent for
N = 2400 is closer to that of N = 800 and much larger than those of 1000 < N < 1600.
It indicates that the method not only is stable but converges with similar speed for
increasing N if d is allowed to increase linearly in N. Figure 5.2 shows the norm of
gradient at each iteration. Figure 5.3 shows the Frobenius norm of constraints c¢;, g,
1 < i < d at each iteration. Figure 5.4 plots the Euclidean distance scaled by Ax of
each iteration to the checkpoints of the full-memory 4D-Var solution. Note that the
distance is not scaled by the number of states and is expected to increase with d.

In this experiment, we see significant reduction (by 8-9 orders of magnitude) for
both the function value and the norm of gradient, even if the gradient did not decrease
to a point that triggered the Lagrange multiplier update. Figure 5.5 plots the solution
surface of multiple shooting and 4D-Var when N = 2400. Both of them approach a
perturbed version of the noise-free solution. Figure 5.6 compares multiple shooting
and 4D-Var solutions at fixed time and space nodes. Note that the two solutions are
both close to the underlying state so that the trajectories overlap for most of the part.
Although the problem is not solved to high accuracy as suggested by the norm of the
gradient and norm of the constraint, we conclude that it does approach the 4D-Var
solution.
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Fig. 5.3: Norm of constraint at
each iteration of LBFGS in minimiz-
ing (3.1) for At = Az/500 and N =
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Fig. 5.4: Distance to 4D-Var solution
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800, 1000, 1200, 1400, 1600, 2400.
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Fig. 5.5: Exact solution of Burgers equa-
tion (top left), underlying state (top
right) and states estimated with mul-
tiple shooting and 4D-Var for At =
Az /500 and N = 2400.

Fig. 5.6: Underlying state, multiple
shooting solution and 4D-Var solution
at fixed time and space node for At =
Az/500 and N = 2400.

From the simulations we see that keeping N/d fixed (at its lowest value) results
in faster convergence compared with the alternatives. We thus conclude that the
statement of Theorem 3.11 is satisfied, although its conditions are stronger than the
case tested here (we did not enforce small nonlinearity and linearity of the observation
operator). However, for the case of smaller N (e.g., 800 to 1600), even increasing d
slower than linear in N (e.g., v/N) would give stable results and thus even more
memory savings at a cost of somewhat slower convergence.

5.2. Larger model error. In this section, we experiment with increased model
error. We choose Az = 1/500, At = Az/1000, and a background covariance matrix
@p = 0.011. The covariance for the model error and observation error are chosen to
be 1072I. Observations are reduced to every 10 steps in time and every 100 steps
in space. To initialize the minimization of (3.1), we run the 4D-Var minimization on
one interval, and for the next interval we run 4D-Var constrained at the checkpoint
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Fig. 5.7: Function value of (3.1) at each
iteration of LBFGS for At = Axz/1000,
N =500 and d = 38.

Fig. 5.8: Gradient norm of (3.1) at each
iteration of LBFGS for At = Axz/1000,
N =500 and d = 38.
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Ax/1000, N = 500 and d = 38.

by the solution from the previous interval.

Figure 5.7 shows the augmented Lagrangian function value decrease for N = 500
and number of checkpoint pairs d = 38. Figure 5.8 shows the norm of the gradient.
Figure 5.9 compares the full-memory 4D-Var solution with that of multiple shooting.
Increased model error results in the rough surface of the underlying states plot in
Figure 5.9. Figure 5.10 compares the 4DVar and multiple shooting solutions at fixed
time and space nodes. Note that the two solutions are close to each other so that
their trajectories overlap.

Both the function value and the norm of the gradient converge slower after some
significant initial progress. Since the norm of the gradient stalls and fails to progress
below 0.1, we do not observe either Lagrangian multiplier or penalty parameter update
during the experiments. However, both the function value and the norm of the gra-
dient achieve 4 to 6 orders of magnitude decrease, and the multiple shooting solution
approaches reasonably well the full-memory 4D-Var solution. Clearly the problem has
too much noise for the estimates to be close to the underlying state. However, the
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Fig. 5.11: Function value of (3.1) at each iteration of LBFGS for N = 300 and d = 30.
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Fig. 5.12: Gradient norm of (3.1) at each
iteration of LBFGS for N = 300 and d =
30. Reference line indicates Lagrangian
multiplier updates.

approach does show that multiple shooting has a performance comparable to that of
4DVar, with much less memory, and that is the goal of this paper.

With the same parameters as those in [1, §5.2.5] but with a much longer horizon,
N =500 as opposed to N = 110, our method is able to produce iterations of moderate
size, make nontrivial progress through minimization, and result in solutions compa-
rable to that of full-memory method for a longer time horizon. Counting the storage
during warm start, gradient evaluation, and stored vectors of LBFGS, the maximal
number of states stored at any time of the algorithm is 91 and is about 18.2% of
the total number of states V. The storage used by multiple shooting is 2.6% of the
memory used by full-memory minimization using LBFGS with 6 vectors.

5.3. Sparser observations. In this section, we consider the case where observa-
tions are made sparser in both time and space. We choose Az = 1/700, At = Az /34,
and background covariance as Qg = 1073I. The covariance matrix for the model
error and observation error are Q = 10781 and 0.011, respectively. Observations are
made every 30 steps in time and every 200 steps in space. The initial point for mul-
tiple shooting is the same warm-start point described in the precedent section. The
parameters are the same as those in [1, §5.2.5] but with a longer horizon. We take
N =300 as opposed to N = 32 in [1], and we take number of checkpoint pairs d = 30.
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We note that this setup is significantly far from satisfying the observability condition.
Indeed, the rank of the observability matrix in Definition 3.1 cannot be larger than
8, whereas Theorem 3.11 required a full rank, that is, 701.

For this experiment, Figure 5.11 shows the decrease of function value (3.1). Only
the first 30 iterations are plotted since the function value stalls afterward. Lagrangian
multipliers are updated at iteration 80 and 230, as shown by the vertical reference
line in Figure 5.12. Figure 5.13 shows the norm of constraints c¢;(z) and g;(x) at
each iteration. The horizontal reference line plotted is the norm of constraint for the
4D-Var solution. Figure 5.14 shows the Euclidean distance of each iteration to the
4D-Var solution scaled by Az. The decrease in the norm of the gradient is significant
(34 orders of magnitude), and the norm of the constraint is reduced by about 1 order
of magnitude. The distance to the 4D-Var solution shows little progress compared
with the initial guess obtained by running 4D-Var on each shooting interval, but
Figures 5.13 and 5.14 suggest the reason is primarily that our warm-starting using
4D-Var on each shooting interval produces an initial point for multiple shooting close
to the 4D-Var solution itself. On the other hand, even if in the distance to the
4D-Var solution there is not much progress beyond the warm start, the gradient is
significantly reduced, and we can evaluate the convergence properties of the method,
running LBGF'S to detect whether we see an improvement, while needing less memory
than 4D-Var with LBFGS (only 3.4% of the latter’s). Therefore the multiple shooting
method provides an improvement over 4D-Var with LBFGS in terms of memory and
over single shooting in terms of stability even in this case, which is significantly outside
the applicability of Theorem 3.11.

6. Conclusions. Determining the best state estimation for dynamical systems
with model error raises new challenges in developing algorithms that reduce storage
while maintaining stability. The reason is that, as opposed to the strongly constrained
setups where only the initial state is free, all the states of a trajectory contribute to
the number of degrees of freedom.

We present an approach where the number of degrees of freedom is reduced by
the optimality conditions, as we previously introduced in [1], but now coupled with a
multiple shooting approach in an augmented Lagrangian framework to improve sta-
bility. The multiple shooting approach can use a reverse recursion scheme on each
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shooting interval to ensure that the memory requirements for computing one gradient
of the augmented Lagrangian never exceed 2d 4+ 1 + dl-',-l state vectors, where d + 1 is
the number of shooting intervals and N is the length of the horizon. The full-memory
data assimilation method, on the other hand, needs to store N + 1 state vectors
when evaluating its gradient. We prove in Theorem 3.11 that under an observability
assumption and when the nonlinearity is small relative to the parameter character-
izing the observability, the condition number of the augmented Lagrangian matrix is
bounded above, irrespective of the number of shooting intervals. This ensures that
the multiple shooting approach is stable: the method does not exhibit exponentially
increasing error for an increasing size of the assimilation interval. This is a feature
shared by neither the single shooting approach derived from [1] nor by the multi-
ple shooting approach without observations. Therefore both multiple shooting and
sufficiently informative observations appear to be necessary for stability to occur.

Our numerical simulations on cases described in [1] validate these points. First,
for all of them the single shooting method showed an exponential increase of the
solution and ran into overflow. For both small model error and larger model error
setups, the multiple shooting approach converges to a solution close to that of the
full-memory method while using only a fraction of the memory needed by the latter,
never more than 8%. To achieve convergence, we needed to use the full-memory
approach but only on the smaller, shooting intervals to create a good initial point for
our multiple shooting approach. In the case of sparse observations, this initialization
strategy was responsible for much of the improvement of the method in terms of
distance to the full-memory 4D-Var solution, while using only 3.4% of the memory of
the latter. But with that initialization strategy, which does not alter our maximum
memory count, we reliably obtained reductions in the augmented Lagrangian gradients
and solutions close to the ones of the full-memory approach. We are not aware of
another optimization-based approach to reduce the memory requirements of weakly
constrained data assimilation approaches. From the numerical experiments and the
theory, we conclude that, particularly in the data-rich case, the multiple shooting
method appears promising at reducing memory and producing a point of a quality
comparable to that of the full-memory case without the instability of the previous
single shooting approach.

We plan to explore new initialization strategies that empirically appear to be
important for the robustness of the overall method. The method also has good poten-
tial for paralellism, although in that case the memory saving is less of a benefit. An
interesting question would be to tie the stability of multiple shooting to a condition
requiring enough information in the observations but weaker than observability on
one shooting interval. We have observed the good behavior of the multiple shooting
aproach in several such instances, but it is unclear how such a condition might be
expressive enough and practical.
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Appendix A. Multiple shooting with zero observability. In this section,
we prove that for a class of linear systems, under zero observability, the condition
number of the Hessian matrix of augmented Lagrangian has an exponential lower
bound. Hence the multiple shooting method is not stable if there are no observations.

We consider the model propagation mapping to be time independent, that is,
M(z;) = Azj, and B; = 0 for 0 < j < N. We assume A has at least one real
eigenvalue with modulus strictly larger than 1. With this model specification, J; are
identical for all 1 < ¢ < d and so are A;. For simplicity, we denote them respectively
as Jy and A; for 1 <4 < d. The expanded forms of J; and A; are

[ATQ 1A —ATQ! 0 i
_Q—lA ATQ—lA + Q—l
Jl - ’ )
. ATQ—lA + Q—l _ATQ—l
L 0 —Q7'A Q|
[ 0 I
—QATTQTIA A+QATTQ
Ay = : .
25V eran) LG (@por,p)

For p = P;, P, — 1, adapting the optimality recursions (2.7) to the linear system under

consideration and applying the chain rule, we have that the recursion of Lgfil j for
0<j<k-—1is

_ QAfTQflAL(P)

(A1) Lg)ﬂ‘ﬂ = (A+QATQ LW Brrio1-

Pi+j
Denote L to be the last two block rows of Aj.
LEMMA A.1. Denote A = A4 Lﬂ . Then, JiA = 0.

Proof. We first prove that for 1 < j < k, the jth block of A is ([\)j = A by
induction. It is evident for j = 1,2. Suppose it is true for all j < jg, 2 < jo < k — 1.
Then by recursion (A.1),

(R)jorr = LED 4 L0 4

P;i+jo P;+jo
= (A+QATQ (LY L, + L), 1 A)
—(QATTQIAYLY ), + LB, L 4)
= (A+QA7TQ ) (A);, — (QATTQ T A)(A)jp-
= AJotL,
A direct multiplication completes the proof. O

PROPOSITION A.2. Let |\| > 1, A € R be an eigenvalue of A. Denote A\, = \*~1.
Then, for the linear system under consideration, we have that

. -1
K(V2La (2" N 0% ) = WMW—”.
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PT’OOf. For any s = (81, .. .,82d+1) S R(2d+1)‘], denote §0 = 81, 51' = (52i,52i+1)
for 1 <i <d. Then from Theorem 2.2 (b) we have that

d
(A2)  s"VIZLa(", N 9%, pw)s = sTAS JoAosy + Y 8TATTIALS,

i=1
d
+ pll$1 = Losl|* + Y (18 — Ladia |
i=2
Consider s = (s1,...,82441) € R4 guch that s; = 0, s9; = )\?lsg, S92i+1 =

Asg; for 1 <4 < d, and let |[s2]| = 1 be the eigenvector of A corresponding to A, that
is, Aso = Asy. Then §; = [i] s9; for 1 < i < d, which gives that

(A3) §?A?J1A1§l = S%;ATJ1A821‘ = O,
where the last equality follows from Lemma A.1.
k—1
Since Ly consists of the last two block rows of A1, we have that L4 Lﬂ = [A Ak ]

Hence by the definition of s for 2 < i < d, we obtain that

R R 1 Ak—1
(A4) 8i — L18i—1 = {A} 82i — [ Ak ] sa(i-1) = 0.
Using (A.3) and (A.4) in (A.2), we obtain that

sTVALAG™, N9 m)s = pll31)* < p(llsall® + AP [[s2l?) = p(1 + [AP).

From the definition of s, we have that

d d
s = > ls2all® + llszisal® = (14 AP Y IAPETD > (14 AP A0
i=1

=1

Hence we have that

Tv2LA (I* 2* w* ,U)S
Amin(ViLA(x*,)\*ﬂ/)*aM)) < i L L :
(A.5) [Isl1?

< M‘)‘kl_Q(d_l)‘

On the other hand, let t = (t1,...,taqy1) € R?4TDY be such that ||t;]| = 1 and t; = 0
for all 2 < i < 2d+ 1. Jy differs from J; by only the (1,1)th block element so that
(JO)(LI) = (Jl)(l,l) + le Then

tIN2La(x*, N5 0%, p)t = tT AL JoAoty + putT LY Loty

> tlTAoTJOAotl > Amin(Q]_gl)~
Hence we have that
tTngA(x*a A*7 w*a :U’)t
2|2

Z )\mzn(le)

Mnaz (V2L A(2*, ¥, 4%, >
(A.6) ( Al V", )
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Combining equation (A.5) and (A.6) completes the proof. |

Appendix B. Single shooting condition number. In this section, we prove
that for a certain class of linear systems that satisfy the observability condition, the
condition number of the Hessian matrix for the single shooting function (1.7) has an
exponential lower bound in N. Hence the single shooting method is not stable for
this class of systems.

We consider linear time-independent systems such that M (z;) = Ax; and H(z;) =
Bz;. Denote C; = QA™TQ ' + A+ QA "BTR™'B and Cy = QA TQZ' + A+
QA~TBTR™'B. We have the following.

ProPOSITION B.1. For linear systems satisfying

(a) 0102 —I= 022,

(b) there exist eigenvalues A1 and Mg of Co such that |A1| > 1 and |A1] > |A2| # 0,

(c) QATTQ 1A =1,.

We have
2(N—1)
. C M
w(VE0Ep) = N Pl
ﬁl/\1|2(N_1)7 ‘)\gl <1

for some constant C > 0, where z§ is the first component of a local minimizer of
T(zo.n) (1.3).

Note: At the end of this section, we give an example of a linear system satis-
fying conditions (a)—(c) with observation matrix B being full rank, namely, with full
observability.

Proof. Tt is shown in [1, Theorem 3] that z3 is a local minimizer of I'(z) and
that

N—-1
~ T T
(B, D(25) = bo(xh, M)+ D L7 0,001, 0, A1) + LY On (A1, Aw),

j=1

where L;O), 0 < j < N are as defined in Definition 2.1(b).
Applying the chain rule and the optimality conditions (1.4), (1.5), and (1.6) to
(B.1), we obtain that the Hessian matrix for the single shooting function (1.7) is

(B.2) V2 D(ay) = AT JA,,

where A; is (N + 1)J x J dimensional and Js is (N 4+ 1)J x (N + 1)J dimensional.
They are defined as

T_ |,0T 0T K
Ag =L L .. L§v)}
'le T BTR—lB +ATQ—1A _ATQ—l 0 ]
QA O3+ ATQ A
Js = :
- 03+ATQ71A —ATQ71
L 0 -Q7'A Cs |

Lz

Lgo) ,for 1 < j < N. Then, for
j—1T

where C3 := Q! + BTR™!B. Denote d;(z) = [
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1< j <N —1, from the recursion for the derivatives (3.8) and (3.9), we have that

(QATQ 1+ A+ QA TBTRIB —QATQ 1A
disale) = (G479 HATC O 4
_[QATTQ '+ A+ QA TBTRIB -1, 4 ()
~ | I, A
(c, —I
=15 o"} d;(x) = Dd;(a),

and

T T p—1 —T-1
i = [T A 0T
C ~
= sz = Cayx

For any eigenvector v of C; with corresponding eigenvalue A, we have from condi-
tion (a) that Dd;(v) = Ady(v). Hence for 1 < j < N, we have that d;(v) = M~1d; (v).
Denoting Q = (I, —A)TQ~'(I,—A) and using (B.2), we have that

v*Viof‘(xE)v =v* AT J A

N
= U*lev + Z(L;O)U)*BTR_lB(Lgo)'U)
=0
N-1
+ 3 (@0 - AL ) QL) v — ALw)
§=0
N N N
=" Qp'v+ 3 (L) BRI B(ILI) + 3 ds () Qs (0)
7=0 j=1
N N |
= U*lev + Z(LEO)U)*BTR_lB(L?)v) + ’U*CQTQCQ’U Z |)\‘2(3—1)7
j=0 j=1

where ég@@ = (Qz' +BTR'B)TA'QA"T(Qz" + BTR™'B) is positive definite.
Let v; and vo be eigenvectors of Cs corresponding respectively to A\; and Ay as
defined in condition (b), and |[v1]| = 1, ||v2]] = 1. Then we have

viV2 T(ah)v;

Amaz (V2 D(25)) >
nax( To (330))_ ||’l)1||2

N
Z ’UTC;QC2'U1 Z |)\1|2(j_1)
j=1

> Amin (CTQCo) A [PV
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and
N *VQ f‘ *
Amin(V2, D (x5)) < ”2%7(:;0)”2
[[v2]
N .
< Anar(Q5") + Amas (BT R7'B)|lds (v2) 2D o207
j=1
_ N
(B.4) + Amaa (BT R™'B) + 030 Q02 Y [ M20 1)
j=1
N .
<20 420 |AgUY
j=1
< AUN [ \p N1 Ao > 1
B 4UN, ‘/\2| <1 ’

where U = max (Amaz(le), Amaz (BT R B) Amaz(CTC2), Amaz (BT R™1B), Amm(é{éég)).
Equations (B.3) and (B.4) give that

R Amin(égééz) A1 AN-1) Aol > 1
n (V2 0@y) =4 AN ’ Pl 21
Anmin(CRQC) N 2N-D gl <1
. AT 210
Letting C = %&QC” completes the proof. 0

Consider an example for which Q = A = diag(2,1,...,1) forall0 < j < N — 1,
Qp = dz’ag(4,%7.i%7 %37 anleBTRle = d?ag(%, %, ce %) such that B is full .rzimk.
Then, Cy = diag(f, 3. .., %) and Cy = diag(4,3,...,3) so that all three conditions
in Proposition B.1 are satisfied. For this example, even with full observability, single
shooting is not stable.
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